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Science, medicine, and the future
Motor neurone disease
Pamela J Shaw

Motor neurone disease is one of the most common
neurodegenerative diseases of adult onset. Currently,
there is no treatment that substantially slows disease
progression, and average survival from the start of
symptoms is only about three years. As this article dis-
cusses, however, new understanding of disease
pathogenesis is suggesting the way toward more effec-
tive neuroprotective treatments aimed at slowing or
arresting injury to motor neurones.

Background
The incidence of the disease is one to two per 100 000,
and a general practice with 10 000 patients is likely to
encounter a case of motor neurone disease every two
to three years. The disease predominantly affects mid-
dle aged and elderly people, with a mean age of onset
of 55 years, although younger people are occasionally
affected. The disease is sporadic in 90% of cases, but
about 10% are familial, usually with an autosomal
dominant mode of inheritance.

The disease causes progressive injury and cell
death of lower motor neurone groups in the spinal
cord and brain stem and usually also of upper motor
neurones in the motor cortex. Those affected typically
develop a combination of upper and lower motor neu-
rone signs, with progressive muscle weakness and
wasting usually accompanied by pathologically brisk
reflexes, eventually involving the limb and bulbar

muscles. Clinical variants of the disease may affect
purely the lower motor neurones (progressive muscu-
lar atrophy) or the upper motor neurones (primary lat-
eral sclerosis). Death usually results from respiratory
failure due to weakness of the ventilatory muscles.

The precise causes of the neurodegenerative pro-
cess remain unknown. The selectivity of the disease
process for the motor system is now recognised to be
relative rather than absolute. Careful clinical and
pathological studies have revealed that extra-motor
parts of the central nervous system are also affected.
Thus, motor neurone disease is now regarded as a
multisystem disease in which the motor neurones tend
to be affected earliest and most severely. Scientific
advances are starting to yield insights into the mecha-
nisms of motor neurone degeneration and into the
specific features of motor neurones that may render
these cells vulnerable to pathology (fig 1).

Pathogenesis of motor neurone disease
Genetics
Multiple different abnormal gene products can set the
scene for motor neurone degeneration. More than 60
different mutations, mainly point mutations, have been
described in about 250 pedigrees of familial motor
neurone disease. One of the most important findings
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Fig 1 Major factors that seem to be contributing to motor neurone
injury and the cell specific features of motor neurones that may
render these cells vulnerable to such insults

Future developments

Identification of further genetic mutations in
familial motor neurone disease and of genetic
factors associated with sporadic disease

Use of cellular and animal models of motor
neurone disease to identify the sequential
molecular events leading to death of motor
neurones and to evaluate new neuroprotective
treatments

New treatment for patients with a “cocktail” of
neuroprotective compounds and better
supportive care

As scientific developments prolong survival,
attention will become focused on quality of life

Department of
Neurology, Ward
11, Royal Victoria
Infirmary,
Newcastle upon
Tyne NE1 4LP
Pamela J Shaw,
Wellcome senior fellow
in clinical science and
professor of
neurological medicine

Pamela.Shaw@ncl.
ac.uk

BMJ 1999;318:1118–21

1118 BMJ VOLUME 318 24 APRIL 1999 www.bmj.com



has been that mutations in the gene on chromosome
21 encoding the enzyme Cu/Zn superoxide dismutase
(SOD1) underlie 20% of familial cases of motor
neurone disease and 2% of all cases.1 The primary
function of this enzyme is to catalyse the conversion of
intracellular superoxide radicals produced during nor-
mal cellular metabolism to hydrogen peroxide, which
is then eliminated by other free radical scavenging
enzymes. It is a ubiquitous enzyme, expressed in cells
throughout the body, and why motor neurones should
be especially vulnerable to injury in the presence of
mutations in the enzyme is not clear. However, motor
neurones have a high expression of Cu/Zn superoxide
dismutase, in both the cell body and axonal
compartments, compared with other cells in the nerv-
ous system.

Evidence suggests that the mutant enzyme exerts
its deleterious effects, not through a loss of its normal
function, but through a toxic gain of function. Various
hypotheses, for which there is some experimental sup-
port, have been put forward to explain this.2 3 The most
favoured is that the mutant enzyme may handle
biochemical compounds such as hydrogen peroxide
and peroxynitrite abnormally, resulting in increased
formation of highly damaging hydroxyl radicals and
formation of nitrotyrosine residues on intracellular
proteins respectively. There have also been suggestions
that mutant Cu/Zn superoxide dismutase may form
abnormal intracellular aggregates, with an adverse
effect on cellular biochemistry, or that there may be
abnormal cytosolic release of copper or zinc, with
resulting neurotoxicity.

The genetic alterations underlying the remaining
80% of familial cases of motor neurone disease are still
unknown. Linkage analysis has revealed that chromo-
somes 2q and 9q may harbour genetic alterations
underlying rare forms of motor neurone disease of
juvenile onset.4 5 Isolated reports have described altera-
tions in the gene encoding the neurofilament heavy
protein, an important component of the cytoskeleton
of neurones6 7; in subunit 1 of the cytochrome c
oxidase subunit, part of the mitochondrial respiratory
chain8; and in abasic (AP) endonuclease, a key enzyme
in the repair of oxidative damage to DNA.9

Oxidative stress
The effects of oxidative stress within non-replicating
cells such as neurones may be cumulative, and injury
by free radical species is a major potential cause of the
age related deterioration in neuronal function
occurring in several neurodegenerative diseases. There
is particularly keen interest in the role of oxidative
stress in motor neurone disease given that mutations in
the gene for Cu/Zn superoxide dismutase underlie
some cases of familial disease. Studies of human post-
mortem tissue from the central nervous system have
demonstrated the presence of biochemical changes to
proteins and DNA that represent “footprints” of free
radical damage, and these changes are more
pronounced in cases of motor neurone disease
compared with controls.10 11 Other postmortem neuro-
chemical changes, including altered expression of
components of the intracellular antioxidant defence
systems, have been interpreted to indicate an
attempted compensatory response to the presence of
oxidative stress during the course of motor neurone

disease.12 Fibroblasts cultured from the skin of patients
with both familial and sporadic motor neurone disease
show increased sensitivity to oxidative insults com-
pared with those from controls.13

Excitotoxicity
Glutamate is the main excitatory neurotransmitter in
the human nervous system. The excitatory signal is ter-
minated by removal of glutamate from the synaptic
cleft by transporter proteins, which are largely located
on perisynaptic glial cells (fig 2). Excessive stimulation
of neuronal glutamate receptors can damage and kill
these cells by mechanisms including derangement of
intracellular calcium homoeostasis and production of
free radicals—the term excitotoxicity has been coined
for this process.

Circumstantial evidence has implicated glutamate
mediated toxicity as a contributory factor to cell injury
in motor neurone disease.14 The key findings are that
the expression and function of excitatory amino acid
transporter 2 (EAAT2), the major glutamate reuptake
transporter protein, may be impaired in motor
neurone disease and that concentrations of glutamate
may be abnormal in extracellular and cerebrospinal
fluid in at least some patients with the disease.15–17

Recently, the presence of abnormally spliced RNA
transcripts for excitatory amino acid transporter 2
have been uncovered in the motor system of patients
with motor neurone disease, and it has been suggested
that a specific defect of RNA processing may be an
important aetiological factor in the disease.18 However,
others have suggested that these alternatively spliced
RNA transcripts may be found in the normal central
nervous system.19

Vulnerability of motor neurones to
neurodegeneration
Motor neurones are fixed, post-mitotic cells that are no
longer capable of replication and which gradually
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Fig 2 Evidence for alteration in the glutamate neurotransmitter
system in motor neurone disease
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decline in number with age. A tantalising feature of
motor neurone disease is why only specific populations
of motor neurones are susceptible to the disease proc-
ess. Some populations of cells, including those control-
ling the extraocular muscles and the pelvic floor,
remain relatively unscathed during the disease.

Some progress has been made in identifying the
features of motor neurones that may render them vul-
nerable.20 Firstly, motor neurones are one of the largest
cells in the nervous system, and those supplying distal
lower limb muscles may have to support axonal proc-
esses up to one metre long. This leads to high energy
demands, and thus a high level of mitochondrial activ-
ity, as well as the need for a robust cytoskeleton, which
requires a high intracellular content of neurofilament
proteins. There is evidence from human tissue and
experimental models that mitochondria and neurofila-
ment proteins may be particular targets for injury
within motor neurones.2

Secondly, motor neurones may have particular
cellular features which render them vulnerable to
calcium mediated toxic processes after activation of
their cell surface glutamate receptors. Motor neurones
seem to have a specific profile of calcium permeable
glutamate receptors that is different from that of many
other cell groups in the central nervous system.21 In
addition, motor neurones lack certain intracellular cal-
cium buffering proteins that may protect neurones
from excessive increases in cytosolic calcium.22

Motor neurones also have a high perisomatic
expression of the excitatory amino acid transporter 2
and a very high intracellular expression of Cu/Zn
superoxide dismutase. These proteins may help to
protect normal motor neurones from the effects of
glutamate toxicity and oxidative stress respectively, but
their high level of expression may render motor
neurones vulnerable in the face of genetic or
post-translational alterations interfering with the func-
tion of these proteins.

Experimental models
Cultured neuronal cells manipulated to express mutant
genes for human Cu/Zn superoxide dismutase show
increased mortality when exposed to conditions of
oxidative stress compared with neurones expressing
normal Cu/Zn superoxide dismutase.2 In addition, the
mutant enzyme seems to have an altered affinity for
hydrogen peroxide, leading to increased formation of
highly toxic hydroxyl radicals. There is also evidence that
intracellular calcium homoeostasis may be impaired in
the presence of the mutant enzyme.

Three mutant Cu/Zn superoxide dismutase trans-
genic mouse strains have been developed which develop
a motor neurone disease phenotype similar to the
human disease. Potentially important pathophysiologi-
cal changes observed in this mutant mouse model
include impaired transport function within the axons of
motor neurones, increased calcium concentrations in
motor neuronal terminals, and early pathological
changes affecting the mitochondria of motor neurones
which precede clinical manifestations of the disease.2

Treatment
Human clinical trials
Several therapeutic agents have recently been tested in
clinical trials in patients with motor neurone disease
(see box). Riluzole is a sodium channel blocker that
inhibits the release of glutamate and has several other
potentially neuroprotective effects: it had a modest
effect in prolonging survival.23 There have been no well
powered trials of antioxidant compounds in motor
neurone disease: a small scale trial using
N-acetylcysteine found a non-significant improvement
in survival in patients whose disease symptoms started
in the limb muscles.24

Several neurotrophic factors have recently been
evaluated in clinical trials. These compounds can protect
motor neurones from injury via several mechanisms,
and many trophic factors from different gene families
have been shown to promote survival of motor
neurones in vivo and in vitro. However, only one neuro-
trophic factor, insulin-like growth factor 1, has produced
a positive effect in slowing disease progression,25 but this
result was not replicated in a second trial. There is con-
cern about the route of administration of neurotrophic
factors: to date, they have been administered subcutane-
ously, and it is possible that they are not reaching motor
neurones in sufficient amounts to exert a maximal effect.
Direct intrathecal administration via an implanted
infusion pump is one possible solution.

Experimental models
One antioxidant compound, vitamin E, and two
antiglutamate agents, riluzole and gabapentin, have
shown beneficial effects in transgenic mice with a mutant
Cu/Zn superoxide dismutase enzyme.26 Vitamin E
delayed onset of motor neurone disease, whereas
antiglutamate therapy extended survival once the
disease became manifest. These findings suggest that
oxidative stress may contribute to the early stages of
motor neurone injury, with glutamate toxicity playing a
part later in the cell death cascade. The effects of
changes in gene expression on murine motor neurone
disease have been investigated by cross breeding mice
with mutant superoxide dismutase with other transgenic

Potential treatments for motor neurone disease that have
undergone recent trials

Clinical trials in patients
Antiglutamate agents
• Riluzole (positive effect)
• Lamotrigine (negative effect)
• Gabapentin (non-significant
positive effect)

Antioxidant agents
• N-acetylcysteine (non-significant
positive effect)

Neurotrophic factors
• Ciliary neurotrophic factor
(negative effect)
• Brain derived neurotrophic factor
(negative effect when give
subcutaneously)
• Insulin-like growth factor 1
(positive effect in one trial, not
replicated in second study)

Drugs showing neuroprotective
effects in experimental models
Cellular models
• Glutathione
• Vitamin E
• Mimics of Cu/Zn superoxide
dismutase
• Copper chelators
• Caspase inhibitors

Transgenic mice models
• Vitamin E
• Riluzole
• Gabapentin
• Penicillamine
• Overexpression of Bcl-2
• Inhibition of interleukin 1 â
converting enzyme
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strains. For example, the onset of motor neurone degen-
eration in mice with the mutant enzyme was slowed by
concomitant overexpression of Bcl-2, a protein that
inhibits apoptosis (programmed cell death).27

In cellular models of motor neurone disease,
agents showing a positive neuroprotective action
include vitamin E, increased expression of Bcl-2,
inhibition of caspases (proteolytic enzymes activated
during apoptosis), compounds mimicking Cu/Zn
superoxide dismutase, the antioxidant glutathione, and
copper chelators.28

Future directions
Cell injury in motor neurone disease seems to reflect a
complex interplay between genetic factors, oxidative
stress, and imbalance of the glutamatergic excitatory
control of motor neurones, which may result in
damage to critical target proteins and organelles. The
relative importance of these factors is likely to vary in
different subgroups of patients.

Observations in animal and cellular models are
likely to clarify our knowledge of the cellular
mechanisms of motor neurone disease over the next
few years. Priorities for research include the search for
other genes associated with familial motor neurone
disease, for genetic factors predisposing to the
sporadic form of the disease, and for insights into the
cell specific biochemistry and physiology of motor
neurones. These strategies are likely to lead to the
development of more effective neuroprotective treat-
ment for patients. Future treatment is likely to involve a
“cocktail” of neuroprotective compounds interfering
with several neuronal injury pathways.

In using treatments aimed at retarding or arresting
motor neurone injury, we will need to pay close atten-
tion to patients’ quality of life. Thus, if neuroprotective
treatment prolongs patients’ survival, we must ensure
that they consider the quality of this extra life to be
acceptable.
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Give a remedy a thorough trial

I dislike much the habit that many young practitioners form,
namely, that of vaunting some one article of medicine as a
specific for a certain disease. Specifics, we have none, and it but
brings the profession into disrepute when some foolish ecstatic
throws chaff (when we expect sound wheat) which, as it flies, is
caught up and devoutly hugged by a certain class who try the
remedy because it is new, and has been lauded by its
crack-brained originator, but to fail miserably and lose the
confidence of their patients, which in truth their ability never
entitled them to. The poor patient who falls into their unmerciful
hands, has been endowed by nature with a Herculean frame, and

despite the rigor of the disease and the poisonous efforts of the
so-called specific, he struggles through, a miserable wreck,
escaping with barely life, while our scarce fledged doctor seizes
his goose-quill and flings to the world through the pages of
some medical journal, his new found specific for a disease which
nature conquered in spite of the stumbling blocks he placed in
her way. Give a remedy a thorough trial before you speak of it as
being adapted for the cure of a disease.

Ussher BB. The Chicago Medical Times 1869;1:116.
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